Extracellular signal-regulated kinase (ERK) has been implicated in the development of insulin resistance associated with obesity and type 2 diabetes mellitus. We have now examined the potential of pharmacological targeting of the ERK pathway with MEK (ERK kinase) inhibitors (PD184352 and PD0325901) for the treatment of obesity-associated insulin resistance. The effects of PD184352 and PD0325901 on the expression of adipocytokines and lipolysis activity were thus examined in 3T3-L1 adipocytes maintained in long-term culture as a model of adipocyte hypertrophy. Leptin receptor-deficient (db/db) mice and high-fat diet-fed KKAy mice, both of which are models of type 2 diabetes, were also treated orally with PD184352 to examine its effects on the diabetic condition. ERK activity was increased in hypertrophic 3T3-L1 adipocytes as well as in adipose tissue of db/db mice and high-fat diet-fed KKAy mice, and this enhanced ERK signaling was associated with dysregulation of adipocytokine expression and increased lipolysis activity. Specific blockade of the ERK pathway in hypertrophic 3T3-L1 adipocytes by MEK inhibitors ameliorated the dysregulation of adipocytokine expression and suppressed the enhanced lipolysis activity. Furthermore, repeated oral administration of PD184352 normalized hyperglycemia and hyperlipidemia and improved insulin sensitivity and glucose tolerance in the diabetic mice. These results suggest that sustained activation of the ERK pathway in adipocytes is associated with the pathogenesis of type 2 diabetes and that selective blockade of this pathway with MEK inhibitors warrants further study as a promising approach to the treatment of insulin resistance and type 2 diabetes. adipocyte; adipocytokine; extracellular signal-regulated kinase pathway; MEK inhibitor; type 2 diabetes ADIPOSE TISSUE PLAYS A CENTRAL ROLE in the regulation of lipid and glucose metabolism, and it produces a large number of hormones and cytokines. Dysregulation of adipose tissue function is thus associated with metabolic syndrome, diabetes mellitus, hyperlipidemia, and hypertension (25, 29, 33) . Given that type 2 diabetes is characterized by insulin resistance and often presents with visceral fat accumulation, it is thought that obesity and insulin resistance are closely related. Hypertrophic fat cells associated with obesity both produce and release increased amounts of diabetogenic factors, including free fatty acids, as well as adipocytokines such as TNF␣, IL-6, monocyte chemoattractant protein-1 (MCP-1), and plasminogen activator inhibitor-1 (PAI-1). They also downregulate their secretion of adiponectin, which exerts antidiabetic and antiarteriosclerotic actions in adipose tissue. Such dysregulation of adipocytokine expression is thought to be a major determinant of insulin resistance in obesity (25, 33).
ADIPOSE TISSUE PLAYS A CENTRAL ROLE in the regulation of lipid and glucose metabolism, and it produces a large number of hormones and cytokines. Dysregulation of adipose tissue function is thus associated with metabolic syndrome, diabetes mellitus, hyperlipidemia, and hypertension (25, 29, 33) . Given that type 2 diabetes is characterized by insulin resistance and often presents with visceral fat accumulation, it is thought that obesity and insulin resistance are closely related. Hypertrophic fat cells associated with obesity both produce and release increased amounts of diabetogenic factors, including free fatty acids, as well as adipocytokines such as TNF␣, IL-6, monocyte chemoattractant protein-1 (MCP-1), and plasminogen activator inhibitor-1 (PAI-1). They also downregulate their secretion of adiponectin, which exerts antidiabetic and antiarteriosclerotic actions in adipose tissue. Such dysregulation of adipocytokine expression is thought to be a major determinant of insulin resistance in obesity (25, 33) .
Mitogen-activated protein kinases (MAPKs) contribute to regulation of the differentiation and proliferation of adipocytes (7) . Among these signaling molecules, extracellular signal-regulated kinase (ERK) plays both an indispensable positive role in the early stages of adipocyte differentiation and a negative role during later stages of adipogenesis (2, 4, 28) . The activity of ERK has been found to be increased in human and rodent adipose tissue in the diabetic state (3, 9, 11) . More specifically, ERK1, but not ERK2, has been shown to be required for adipogenesis in vitro and in vivo, and mice lacking ERK1 are resistant to obesity and protected from insulin resistance when challenged with a highfat diet (8) . Furthermore, diabetogenic factors have been found to influence insulin signaling through activation of the ERK signaling pathway (20, 38) . Together, these various observations suggest that targeting of the ERK pathway is a potential therapeutic approach for individuals with insulin resistance and type 2 diabetes.
We have now investigated the role of ERK in adipocyte hypertrophy. We found that ERK1/2 activity increases during the development of 3T3-L1 adipocyte hypertrophy and is elevated in adipose tissue of leptin receptor-deficient (db/db) mice and KKAy mice fed a high-fat diet, both of which are models of type 2 diabetes. Specific blockade of the ERK pathway with inhibitors of the upstream kinase MEK (MAPK or ERK kinase) ameliorated the dysregulation of adipocytokine expression and the enhanced lipolysis activity apparent in hypertrophic 3T3-L1 adipocytes. Furthermore, repeated oral administration of the MEK inhibitor PD184352 normalized hyperglycemia and hyperlipidemia and improved insulin sensitivity and glucose tolerance in the diabetic mouse models. Blockade of the ERK pathway with MEK inhibitors may thus provide a new strategy for the treatment of insulin resistance and type 2 diabetes.
MATERIALS AND METHODS
Reagents and antibodies. PD0325901 was obtained from SigmaAldrich (St. Louis, MO), and PD184352 was synthesized as described previously (37) . Antibodies to phospho-ERK1/2 and to ␤-actin were obtained from Sigma-Aldrich, those to ERK1/2, MAPK phosphatase-1 (MKP-1), PCNA, DLK (Pref-1), peroxisome proliferator-activated receptor (PPAR)␥, and CCAAT/enhancer binding protein (C/ EBP-␣) were from Santa Cruz Biotechnology (Santa Cruz, CA), and those to adiponectin, mouse IL-6, and mouse TNF␣ were from Abcam (Cambridge, UK). Other chemicals and reagents were of the highest purity available.
Cell culture, induction of adipocyte differentiation, and staining. 3T3-L1 preadipocytes (American Type Culture Collection, Manassas, VA) were maintained in DMEM supplemented with 10% calf serum (16) . They were induced to differentiate into adipocyte-like cells and stained with Oil Red O, as described previously (30) . The appearance of phosphatidylserine on the extracellular side of the plasma membrane was evaluated as a marker of cells undergoing apoptotic cell death (14) by staining with annexin V with the use of an annexin V-PE staining kit (BD Biosciences, Franklin Lakes, NJ).
RT and real-time PCR analysis. Total RNA was isolated from cells with the use of Sepasol RNA I (Nacalai Tesque, Kyoto, Japan) and subjected to RT with the use of a PrimeScript first-strand cDNA synthesis kit (Takara, Kyoto, Japan). The resulting cDNA was subjected to real-time PCR analysis to determine the relative abundance of adipocytokine mRNAs with the use of a 7300 Fast Real-Time PCR System and TaqMan Gene Expression Assays (Applied Biosystems, Waltham, MA).
Immunoblot analysis. Cell and tissue lysates were prepared and subjected to immunoblot analysis, as described previously (26, 27) . Immune complexes were visualized with an enhanced chemiluminescence system (GE Healthcare Bio-sciences, Piscataway, NJ).
Glycerol release assay. Portions of cell culture supernatants were assayed for glycerol content with the use of an Adipolysis Assay kit (Cayman Chemical, Ann Arbor, MI). Glycerol release was normalized by cellular protein content.
Animals. Animal care and experimentation were performed in accordance with the Guidelines for Animal Experimentation of Nagasaki University and approved by the university's Institutional Animal Care and Use Committee. Six-week-old male KKAy, C57BL/ KsJ-db/db, and C57BL/6 mice were obtained from CLEA Japan (Shizuoka, Japan), housed individually, and maintained on a 12:12-h light-dark cycle. KKAy mice were randomly assigned to two groups, one of which was fed a high-fat diet consisting of 32% (wt/wt) fat (CLEA Japan) and the other of which was fed standard laboratory mouse chow beginning at 6 wk of age. PD184352 was suspended in an 8:1:1 (vol/vol/vol) mixture of PBS-ethanol-cremophor EL (SigmaAldrich) (32, 40) . Eight-week-old mice were treated with PD184352 (200 or 300 mg/kg for KKAy or db/db mice, respectively) or vehicle by oral administration twice a day, and blood glucose level was measured every day at 10 -11 AM with a portable glucose meter (Accu-Chek Aviva Blood Glucose Meter; Roche, Basel, Switzerland) after tail snipping.
Tolerance tests. For a glucose tolerance test, mice that had been deprived of food for 12 h were injected intraperitoneally with glucose (1.0 or 2.0 g/kg for db/db or KKAy mice, respectively). Blood samples were collected at various times (0 -120 min) thereafter for measurement of blood glucose, as described above. For an insulin tolerance test, mice that had been deprived of food for 12 h were injected intraperitoneally with human regular insulin (2.0 or 1.0 U/kg for db/db or KKAy mice, respectively).
Determination of plasma insulin, adipocytokine, NEFA, triglyceride, and total cholesterol levels. Blood samples were collected from mice into heparinized capillary tubes. Plasma concentrations of insulin (Shibayagi, Gunma, Japan) as well as adiponectin, MCP-1, IL-6, and TNF␣ (R & D Systems, Minneapolis, MN) were determined with ELISA kits. Plasma nonesterified fatty acid (NEFA), triglyceride, and total cholesterol levels were determined with LabAssay NEFA, triglyceride, and cholesterol kits (Wako Pure Chemical, Osaka, Japan), respectively.
Statistical analysis. Data are presented as means Ϯ SE and were analyzed with the two-tailed Student's t-test. A P value of Ͻ0.05 was considered statistically significant.
RESULTS

MEK inhibitors ameliorate dysregulation of adipocytokine expression and suppress lipolysis in hypertrophic 3T3-L1
adipocytes. To investigate the molecular mechanism of adipocyte hypertrophy, we examined the activation level of ERK1/2 during the course of adipogenesis and subsequent development of adipocyte hypertrophy in the best-characterized in vitro model of adipogenesis/3T3-L1 adipocytes cultured for up to 30 days after the induction of differentiation. Activation (phosphorylation) of ERK1/2 was detected not only during the initiation (20 -60 min) and progression (3-4 days) of adipogenesis but also during the development of adipocyte hypertrophy (20 -30 days) , with the latter phase of ERK1/2 activation being accompanied by marked downregulation of the expression of MKP-1 (Fig. 1A) , an inducible dual-specificity phosphatase that inactivates ERK (15, 19) .
Adipocytes accumulate lipids and release adipocytokines (10). Staining with Oil Red O thus revealed lipid accumulation in differentiated 3T3-L1 adipocytes cultured for 10 days, and this staining was markedly enhanced in the enlarged cells cultured for 30 days (Fig. 1B) . The expression of adiponectin in 3T3-L1 adipocytes increased to reach a maximal level at ϳ16 days, but it decreased thereafter in association with the development of hypertrophy (Fig. 1A ). RT and real-time PCR analysis also revealed that the abundance of adiponectin mRNA was significantly increased on day 10 but had declined to ϳ50% of the value for day 8 by day 30 (Fig.  1C ). 3T3-L1 adipocytes also expressed the genes for several additional adipocytokines, including those for leptin, TNF␣, IL-6, MCP-1, and PAI-1, with the expression of the latter three genes increasing markedly during the development of adipocyte hypertrophy (Fig. 1C) . Lipolysis activity also increased significantly during the development of adipocyte hypertrophy (Fig. 1D) .
We next examined the relation between the sustained activation of ERK1/2 and the dysregulated expression of adipocytokines in hypertrophic 3T3-L1 adipocytes. Cells that had been cultured for 25 days after the induction of differentiation were thus exposed to the MEK inhibitors PD0325901 or PD184352 for 24 h. Both MEK inhibitors reversed the downregulation of adiponectin mRNA as well as the upregulation of IL-6, MCP-1, and PAI-1 mRNAs and lipolysis activity ( Fig. 1 , E and F). In contrast, the size of the hypertrophic cells was not substantially affected by PD0325901 (Fig. 1G) .
Treatment of undifferentiated 3T3-L1 cells or hypertrophic 3T3-L1 adipocytes with PD184352 or PD0325901 did not affect their differentiation status, as confirmed by immunoblot analysis of Pref-1 (a preadipocyte marker) and of PPAR␥ and C/EBP-␣ (adipocyte differentiation markers) (Fig. 1H) . Furthermore, although specific blockade of the ERK pathway with MEK inhibitors induces a moderate level of apoptotic cell death in tumor cells in which the pathway is constitutively activated (18) , neither PD184352 nor PD0325901 increased the number of apoptotic cells (those labeled with annexin V) in cultures of 3T3-L1 adipocytes exposed to the inhibitors from day 20 to day 30 after the induction of differentiation (Fig. 1I) .
The MEK inhibitor PD184352 suppresses elevated ERK activity in fat tissue and ameliorates the diabetic state in db/db mice. Given that the ERK pathway was found to be activated in hypertrophic 3T3-L1 adipocytes, we examined the activa-tion level of ERK1/2 in visceral fat tissue of leptin receptordeficient (db/db) mice at 8 wk of age. Among major insulin target tissues (fat, liver, and muscle), ERK1/2 activity was increased selectively in visceral fat of db/db mice compared with nondiabetic C57BL/6 mice ( Fig. 2A) .
We next treated 8-wk-old db/db mice by oral administration of PD184352 twice a day (every 12 h) for 15 days to investigate whether blockade of the ERK pathway might ameliorate the diabetic condition. Treatment with PD184352 markedly suppressed ERK1/2 activity in visceral fat tissue as early as 1 day after the onset of drug administration (Fig. 2B) . Whereas the nonfasting blood glucose level had increased to ϳ500 mg/dl by day 16 in vehicle-treated db/db mice, it decreased gradually to reach an almost normal level by 12 days after the onset of PD184352 treatment (Fig. 2C) . A glucose tolerance test performed 14 days after the onset of drug administration showed that glucose tolerance was significantly improved in PD184352-treated mice (Fig. 2D) . Furthermore, an insulin tolerance test revealed that the decrease in blood glucose concentration induced by the injected insulin was much larger in PD184352-treated mice than in the vehicle-treated animals (Fig. 2E) . There was no difference in body weight (Fig. 2F ) or food intake (data not shown) between the PD184352-treated and control mice.
PD184352 ameliorates dysregulation of adipocytokine expression and normalizes hyperlipidemia in db/db mice. Given that PD184352 treatment ameliorated the abnormal glucose metabolism in db/db mice, we next examined its effects on adipocytokine levels in visceral fat tissue and plasma of these animals. Compared with nondiabetic C57BL/6 mice, db/db mice manifested an abnormal adipocytokine expression profile characterized by a reduced abundance of adiponectin and increased amounts of IL-6 and TNF␣ (cell-bound precursor) (5) in visceral fat tissue (Fig. 3A) as well as by reduced and increased plasma concentrations of adiponectin and MCP-1, respectively (Fig. 3B) . Neither TNF␣ nor IL-6 was detected in plasma of db/db mice. Administration of PD184352 ameliorated the dysregulation of adipocytokine expression in both fat tissue and plasma of db/db mice (Fig. 3, A and B) . In contrast, PD184352 administration did not substantially affect expression of the proliferative marker PCNA (22) in visceral adipose tissue (Fig. 3A) or the markedly increased nonfasting plasma insulin concentration (Fig. 3B ) in db/db mice. Given that free fatty acids generated by lipolysis play a pivotal role in the development of type 2 diabetes (6) and that lipolysis activity was found to be increased in hypertrophic 3T3-L1 adipocytes in an ERK signaling-dependent manner (Fig. 1, D and F) , we examined the effects of PD184352 administration on plasma lipid concentrations in db/db mice.
Whereas not only NEFA but also triglyceride and total cholesterol levels were increased in db/db mice compared with C57BL/6 mice, these differences were no longer apparent after treatment of db/db mice with PD184352 for 14 days (Fig. 3C) .
PD184352 ameliorates the diabetic condition in KKAy mice fed a high-fat diet.
To investigate further the antidiabetic effects of PD184352 in a model of obesity-associated type 2 diabetes, we studied KKAy mice fed a high-fat diet beginning at 6 wk of age (39) . Similar to db/db mice, diabetic KKAy mice fed the high-fat diet for 2 wk manifested increased ERK1/2 activity (Fig. 4A ) and reduced adiponectin expression (Fig. 4B ) in visceral fat. Unlike that in db/db mice, however, fat tissue in diabetic KKAy mice showed a marked increase in PCNA expression (Fig. 4B) .
Repeated oral administration of PD184352 beginning at 8 wk of age suppressed the upregulation of ERK1/2 activity and the downregulation of adiponectin expression in visceral adipose tissue of KKAy mice maintained on a high-fat diet (Fig.  4B) . Such treatment also reduced the nonfasting blood glucose level to a plateau of ϳ220 mg/dl after 5 days, whereas that in vehicle-treated mice increased gradually to a value of Ͼ500 mg/dl by day 10 (Fig. 4C) . Furthermore, administration of PD184352 improved both glucose tolerance (Fig. 4D ) and insulin sensitivity (Fig. 4E) in KKAy mice fed a high-fat diet. Treatment with PD184352 for 15 days also suppressed the weight gain in KKAy mice maintained on a high-fat diet (Fig.  4F) , possibly reflecting the fact that blockade of the ERK pathway suppressed the high-fat diet-induced upregulation of PCNA expression in visceral adipose tissue of these animals (Fig. 4B) . PD184352 has no effect on blood glucose level, glucose tolerance, or insulin sensitivity in nondiabetic C57BL/6 mice. We finally examined the effects of repeated oral administration of PD184352 on nondiabetic C57BL/6 mice. In contrast to db/db mice and high-fat diet-fed KKAy mice, repeated oral administration of PD184352 did not significantly affect the nonfasting blood glucose level (Fig. 5A ), glucose tolerance (Fig. 5B) , or insulin sensitivity (Fig. 5C ) in C57BL/6 mice. It also had no effect on body weight in these animals (Fig. 5D ).
DISCUSSION
We found that hypertrophic 3T3-L1 adipocytes manifest dysregulated adipocytokine expression (upregulated IL-6, MCP-1, and PAI-1; downregulated adiponectin) as well as db/db A C57BL6 Fig. 3 . P18 ameliorates dysregulation of adipocytokine expression and reverses hyperlipidemia in db/db mice. A: immunoblot analysis of adiponectin, IL-6, the cell-bound precursor of TNF␣, PCNA, and ␤-actin (loading control) in visceral fat tissue of C57BL/6 mice as well as that of db/db mice at 7 and 14 days after the onset of oral administration of P18 or vehicle (Ct). B: plasma concentrations of insulin, adiponectin, and MCP-1 in C57BL/6 mice as well as db/db mice treated with P18 or vehicle as in A. C: plasma nonesterified fatty acid (NEFA), triglyceride (TG), and total cholesterol concentrations in C56BL/6 mice as well as db/db mice treated by oral administration of P18 or vehicle for 14 days. Data in B and C are means Ϯ SE (n ϭ 4 -6). **P Ͻ 0.01. increased lipolysis activity, with these phenotypes being associated with elevated activity of the ERK signaling pathway. The ERK pathway was also activated in adipose tissue derived from two mouse models of type 2 diabetes (db/db mice and high-fat diet-fed KKAy mice), and this activation was associated with an abnormal adipocytokine expression profile in adipose tissue and plasma similar to that of hypertrophic 3T3-L1 adipocytes (downregulation of adiponectin and upregulation of IL-6, MCP-1, and TNF␣). Moreover, the plasma concentrations of not only NEFA but also triglyceride and total cholesterol were increased in db/db mice. In this regard, ERK1/2-mediated phosphorylation has been shown to modulate the function of sterol regulatory element-binding proteins, which are key transcription factors in the regulation of lipid metabolism, including the synthesis of cholesterol and fatty acids (23, 31) . The abnormal adipocytokine expression profiles and lipid disorders observed in hypertrophic 3T3-L1 adipocytes as well as in diabetic model mice were normalized as a result of specific blockade of the ERK signaling pathway with MEK inhibitors. Furthermore, repeated oral administration of PD184352 normalized the nonfasting blood glucose level, ameliorated glucose intolerance, and improved insulin sensitivity in both db/db mice and high-fat diet-fed KKAy mice.
The sustained activation of ERK1/2 apparent in hypertrophic 3T3-L1 adipocytes might have been due to the observed downregulation of MKP-1 expression, consistent with previous findings showing downregulation of this protein during the development of adipocyte hypertrophy (19) . Activation of lipolysis via ERK1/2-mediated phosphorylation of hormonesensitive lipase at Ser 600 in adipocytes has also been described previously (17) . Furthermore, the ERK pathway has been found to increase expression of MCP-1 (19) , PAI-1 (12) , and IL-6 (24) . On the other hand, expression of adiponectin is regulated by PPAR␥, whose transactivation activity has been found to be inhibited by ERK1/2-mediated phosphorylation at Ser 112 (34) . However, we did not detect such ERK pathwaydependent phosphorylation of PPAR␥ in hypertrophic 3T3-L1 adipocytes. We did detect elevated acetylation of the p65 subunit of NF-B at Lys 310 that was dependent on the ERK pathway in these cells (Fig. 6) . Acetylation of this residue is required for the full transactivation activity of NF-B, which is a central transcriptional regulator of the genes for many inflammatory cytokines, including those for MCP-1, IL-6, and TNF␣ (13) . In this regard, NF-B-dependent inhibition of PPAR␥ function has been described (1, 36) . Moreover, free fatty acids generated by lipolysis have been shown to induce the NF-B-dependent expression of inflammatory cytokines and to activate an inflammatory cascade through interaction with Toll-like receptors (6, 35) . Adipose tissue is composed of various cell types in addition to lipid-laden mature adipocytes, including blood cells, endothelial cells, and macrophages. Adipose tissue in obesity is characterized by increased infiltration of macrophages, which contribute to the elevation of the circulating concentrations of inflammatory cytokines such as TNF␣ and IL-6 (41). Together, these various observations suggest that sustained activation of the ERK pathway in hypertrophic adipocytes enhances lipolysis and that the increased production and release of free fatty acids result in the activation of NF-B in both adipocytes and macrophages. The upregulation of both ERK and NF-B activity in these cells likely then cooperatively contributes to the dysregulation of adipocytokine expression in adipose tissue of diabetic mice.
Although treatment with PD184352 for 15 days suppressed the weight gain in KKAy mice fed a high-fat diet, it did not affect the change in body weight in db/db mice. In this regard, whereas ERK1 knockout was found to prevent high-fat dietinduced adipogenesis and obesity in C57BL/6 mice (8), it did not affect body weight in leptin-deficient (ob/ob) mice (21) . The prevention of the development of adiposity and obesity by deficiency of ERK signaling in otherwise wild-type mice fed a high-fat diet thus appears to be lost in animals with a background characterized by a deficiency in leptin signaling (21) . In contrast to its differential effect on body weight, however, PD184352 manifested essentially identical therapeutic effects on the diabetic condition in both db/db mice and high-fat diet-fed KKAy mice, including normalization of hyperglycemia and improvement of glucose tolerance and insulin sensitivity. Consistent with our present results, ERK1 knockout also improved glucose tolerance and whole body insulin sensitivity in ob/ob mice, with these effects being associated with increased glucose transport into muscle, reduced de novo lipogenesis in the liver, and enhanced insulin-induced suppression of free fatty acid release by adipose tissue (21) .
ERK activity has previously been found to be elevated in adipose tissue of humans and rodents in the diabetic state (3, 9, 11) . In this regard, gene targeting has revealed that ERK1, but not ERK2, is required specifically for adipogenesis in vitro and in vivo and that ERK1 knockout mice challenged with a high-fat diet are resistant to obesity and protected from insulin resistance (8) . Furthermore, although leptin-deficient (ob/ob) mice lacking ERK1 develop pronounced obesity, they are . P18 has no effect on blood glucose level, glucose tolerance, or insulin sensitivity in nondiabetic C57BL/6 mice. A: nonfasting blood glucose levels in C57BL/6 mice treated by oral administration of P18 or vehicle (control) for the indicated times beginning at 8 wk of age. B and C: glucose (B) and insulin tolerance tests (C) performed in C57BL/6 mice at 14 days after the onset of oral administration of P18 () or vehicle (OE). D: body weight of C57BL/6 mice before and 16 days after the onset of treatment with P18 or vehicle. All data are means Ϯ SE (n ϭ 4). protected from insulin resistance (21) . These observations suggest that specific inhibition of the ERK pathway is a potential novel therapeutic strategy to combat insulin resistance and type 2 diabetes. In the present study, we found that specific blockade of the ERK pathway with a MEK inhibitor normalized the dysregulated adipocytokine expression profile, lowered the nonfasting blood glucose level, increased glucose tolerance, and improved insulin sensitivity in db/db mice and high-fat diet-fed KKAy mice. Targeting the ERK pathway by MEK inhibitors thus warrants further investigation as a potential option for the treatment of insulin resistance and type 2 diabetes.
